We report on high-order magnetoplasmon resonances detected in photoresistance in high-mobility GaAs quantum wells. These resonances manifest themselves as a series of photoresistance extrema in the regime of Shubnikov-de Haas oscillations. Extending to orders above 20, the extrema exhibit alternating strength, being less (more) pronounced at even (odd) order magnetoplasmon modes. This experimental technique provides sensitive and elegant means to detect and investigate multiple magnetoplasmon modes and could be applied to other systems. PACS numbers: 73.43.Qt, 73.63.Hs, When a two-dimensional electron gas (2DEG), laterally confined to a Hall bar of width w, is subjected to a weak perpendicular magnetic field B and microwave radiation, its photoresistance reveals magneto-plasmon resonances (MPR) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Although there exists no quantitative theory of the MPR photoresistance, it is believed that the radiation absorption translates to electron heating which, in turn, causes a resistivity change [1, 4, 6] .
When a two-dimensional electron gas (2DEG), laterally confined to a Hall bar of width w, is subjected to a weak perpendicular magnetic field B and microwave radiation, its photoresistance reveals magneto-plasmon resonances (MPR) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Although there exists no quantitative theory of the MPR photoresistance, it is believed that the radiation absorption translates to electron heating which, in turn, causes a resistivity change [1, 4, 6] .
The majority of photoresistance measurements revealed only the fundamental MPR, although in several cases the lowest few MPR modes were observed. The n-th plasmon mode has a wavenumber q n = πn/w (n = 1, 2, ...) and due to the hybridization with the cyclotron mode in a magnetic field its dispersion takes the form [12, 13] :
Here, ω c = eB/m ⋆ is the cyclotron frequency of an electron with the effective mass m ⋆ , Ω 1 = 2πF 1 is the frequency of the plasmon mode with the wavenumber π/w, α = e 2 /4πǫ 0 c ≈ 1/137 is the fine structure constant, ǫ 0 is the vacuum permittivity, ǫ ⋆ = (ǫ + 1)/2 is the effective dielectric constant of the surrounding medium, ǫ = 12.8 is the dielectric constant of GaAs, and E F is the Fermi energy.
The MPR can occur when the excitation frequency ω = 2πf is equal to ω n which can be tuned by B. Since the number of observable MPR modes is given by (f /F 1 ) 2 , high excitation frequency f is a prerequisite for observation of high-order modes. In addition, for the MPR modes to be experimentally resolved, the spacing between them should exceed their width. The half-width of the n-th MPR can be written as [14] [15] [16] 
where γ is the incoherent scattering rate and Γ n is the superradiant rate due to coherent dipole reradiation of oscillating 2D electrons. The superradiant decay rate Γ n is given by [17] 
where L n is the coherence length, λ = c/f n ⋆ is the photon wavelength, and n ⋆ = ( √ ǫ + 1)/2 is the effective refractive index. At high n, the superradiant rate drops rapidly due to the decay of coherence length L n ∼ w/n [18] and the MPR width is governed by the incoherent rate γ. Therefore, small incoherent scattering rate is another essential ingredient for the detection of high-order MPR.
In this Rapid Communication we report on high-order magnetoplasmon resonances resistively detected in very high-quality GaAs quantum wells at radiation frequencies up to ∼ 0.4 THz. Owing to high sensitivity of Shubnikov-de Haas oscillations (SdHO) to MPR-induced changes of electron temperature, the resonances manifest themselves as a series of resistance extrema superimposed on the SdHO. Extending to orders as high as n = 25, the extrema exhibit alternating strength, being less (more) pronounced at even (odd) magnetoplasmon modes. The employed experimental scheme provides a very efficient way to investigate the properties of MPR and could be applicable to other 2D systems.
Our samples are 200 µm-wide Hall bars fabricated from symmetrically doped, 30-nm wide GaAs/AlGaAs quantum wells. After low-temperature illumination, electron density and mobility of a Princeton-grown sample A were n e ≈ 2.5 × 10 11 cm −2 and µ ≈ 2.5 × 10 7 cm 2 /Vs, respectively. Sample B, grown at Purdue, had n e ≈ 2.6 × 10 11 cm −2 and µ ≈ 1.3 × 10 7 cm 2 /Vs. The resistivity was measured at temperatures of 0.3 − 0.4 K using a standard low-frequency lock-in technique, in sweeping B and under radiation of frequency f from 0.23 THz to 0.38 THz generated by a backward wave oscillator. [2, [19] [20] [21] and SdHO coexisting over a wide magnetic field range [22] . In addition to MIRO and SdHO, both data sets show a structure consisting of multiple sharp features in the vicinity of the cyclotron resonance.
A closer look at this structure, shown in the inset of Fig. 1(a) , reveals that it is a series of extrema. Near the SdHO maxima, this series is represented by resistance minima which are roughly equally spaced in the magnetic field; between filling factors ν = 12 and ν = 14, we observe at least seven such minima. The minima can be divided into two classes, strong ones (cf. vertical lines) and weak ones (cf. ↓), appearing roughly in the middle between the neighboring strong minima. As discussed below, these strong (weak) features originate from magnetoplasmon resonances of odd (even) order n, with n as high as 25. While the feature around ν = 10 in Fig. 1 also originates from photoresistance, identifying its exact nature is left for future studies. One possible origin is the plasmon-photon mode hybritization which leads to crossing of magnetoplasmon dispersion with cyclotron lines [18, 23] . Around the SdHO minima, MPRs are manifested by local maxima (see, e.g. a maximum at B ≈ 7.5 GHz in the inset of Fig. 1(a) ). These maxima are less pronounced due to a weaker temperature dependence of the SdHO resistance minima in the regime of separated Landau levels. Indeed, at even ν the density of electron states is small in a wide band around the Fermi level and raising the temperature has little effect as long as it remains small compared to inter-level spacing.
In Fig. 2 we plot magnetoresistance ρ(B) measured in sample A at several frequencies from 230 GHz to 374 GHz, as marked [24] . Each trace reveals a series of extrema (some examples marked by arrow), similar to that shown in Fig. 1 , which move to higher B with increasing f . Since the resonances are most pronounced around the SdHO maxima, these extrema are best observed at higher f (lower ν) where more MPR modes can be resolved within one SdHO period. One remarkable feature of our data is the unusually large number of both odd and even MPR modes, made possible by high sensitivity of SdHO to variations of electron temperature due to resonant absorption in our high mobility samples [25] .
To confirm that the observed extrema originate from MPR we examine the dispersion relation for two radiation frequencies using the data from sample A. Per Eq. (1), the magnetic field at which the n-th MPR (ω = ω n , B = B n ) occurs should satisfy
In Fig. 3 we plot the square of the magnetic field, at which the n-th MPR occurs, for f = 377 GHz and f = 354 GHz, as marked, as a function of n. Here, filled (open) circles represent odd (even) n, spanning from n = 5 to n = 27 [26] . Despite slight deviation at low n, the data for both frequencies conform to Eq. (4) We next examine the frequency dependence of the observed resonances and demonstrate that it can also be well described by the magnetoplasmon dispersion, Eq. (1). In Fig. 4 we plot f 2 vs. B 2 for three select modes, n = 7, 13, 19, and observe that the data can be well described by parallel lines. Such a behavior is indeed expected for MPR since
see Eq.
(1). The universal slope of the linear fits again conforms to m ⋆ ≈ 0.066m 0 . After performing such fits for all available n, we extract the intercepts of the fits with the vertical axis f The data reveal a linear relation between f 2 0 and n, in accordance with Eq. (1), and from the slope of the fit we find F 1 ≈ 56 GHz, in good agreement with the value obtained above. We further note that at n < 10, f 2 0 (n) slightly deviates from the linear dependence and bends down. As we show next, this deviation is likely due to retardation effects.
The retardation effects are characterized by the retardation parameter α ′ , defined as the ratio of the plasmon frequency to the light frequency at the same wavenumber. At the fundamental plasmon wavenumber q 1 = π/w, we find, for sample A, ω ph /2π = c/2wn ⋆ ≈ 0.33 THz and
Since the phase velocity of the magnetoplasmon mode is proportional to n −1/2 , the retardation effects become weaker at higher n. It has been shown that the plasmon frequency decreases with α ′ [4, 23] . It is therefore reasonable to have a larger deviation from Eq. (1) at lower n, as observed in both Fig. 3 and Fig. 4(b) .
As mentioned in the introduction, observation of multiple MPR modes relies on their sharpness. We estimate the half-width of the observed MPR as δB n ≈ 2.5 mT which is largely insensitive to n. Since the width is obtained from magnetoresistance, it does not directly translate to the width of the MPR. Nevertheless, since the width of the photoresistance minima does not show significant variation within one SdHO period, it should be comparable to the actual MPR width. Using δω n ≈ (∂ω n /∂B)δB n = (e/m ⋆ )(ω c /ω)δB n , we estimate δω n /2π ≃ 1 GHz, close to the cyclotron resonance.
The MPR width δω n is expected to be a sum of coherent radiative decay rate Γ n and incoherent collisional rate γ, see Eq. (2) and Eq. (3). In sample A we estimate Γ 0 /2π ≈ 14 GHz and at f = 0.38 GHz, Γ 1 /2π = Γ 0 /2π(w/λ) 2 ≈ 4.7 GHz. At higher n, Γ n = Γ 1 /n 2 becomes smaller than γ. This is consistent with our observation that the fundamental MPR n = 1 is not well resolved, whereas higher order MPRs have similar widths, dominated by γ.
The incoherent scattering rate γ is often associated with the transport scattering rate τ −1 , which is about τ −1 /2π ≈ 0.2 GHz in sample A. However, there exist no exact relation between the two quantities; for the electron density of sample A, Ref. 29 has found γ to be about 5 times larger than τ −1 , giving a conservative estimate of γ/2π ≃ 1 GHz. This value is in good agreement with δω n /2π ≃ 1 GHz obtained from our experimental data.
Another interesting feature revealed by our data is the even-odd mode alternating strength [30] . Assuming a uniform electric field distribution, only odd modes are expected [28] and Refs. 4, 31 [32] reported observation of only odd modes. Some experiments, however, revealed both odd and even low-order modes, with often comparable, yet random strengths [33, 34] . While we have clearly observed different signal strengths for even and odd modes, their ratio can vary with the radiation frequency. In Fig. 5 we present ρ(B) measured in sample A at different f , 369 GHz, 365 GHz, and 351 GHz. At f = 369 GHz (top trace), the even modes are much weaker than the odd, at f = 365 GHz (middle trace) they become noticeably stronger, and at f = 351 GHz (bottom trace) even modes become comparable to the odd ones. The variation in the strength of even modes with f likely reflects variation in radiation distribution [35] . While a more uniform radiation produces weaker even modes, they become more pronounced under nonuniform radiation distribution. Our measurements never revealed even modes which are stronger than the odd ones.
In summary, exploiting high mobility 2DEGs, high radiation frequencies, and strong sensitivity to temperature of SdHO, we have detected high-order magnetoplasmon resonances. Extending to orders above n = 25, the MPR-induced photoresistance extrema exhibit alternating strength, being less (more) pronounced at even (odd) n. Taken together, our results demonstrate that this experimental technique provides a surprisingly sensitive and elegant means to detect and investigate highorder MPR modes which could be applicable to other 2D systems, such as MgZnO/ZnO heterojunctions [36] and AlAs quantum wells [37] .
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